Obesity is associated with consumption of energy-dense diets and development of systemic inflammation. Gut microbiota play a role in energy harvest and inflammation and can influence the change from lean to obese phenotypes. The nucleus of the solitary tract (NTS) is a brain target for gastrointestinal signals modulating satiety and alterations in gut-brain vagal pathway may promote overeating and obesity. Therefore, we tested the hypothesis that high-fat diet-induced changes in gut microbiota alter vagal gut-brain communication associated with increased body fat accumulation. Sprague-Dawley rats consumed a low energy-dense rodent diet (LFD; 3.1 kcal/g) or high energy-dense diet (HFD, 5.24 kcal/g). Minocycline was used to manipulate gut microbiota composition. 16S Sequencing was used to determine microbiota composition. Immunofluorescence against IB4 and Iba1 was used to determine NTS reorganization and microglia activation. Nodose ganglia from LFD rats were isolated and co-cultured with different bacteria strains to determine neurotoxicity.
INTRODUCTION
Obesity rate in the United States climbed to nearly 38 percent of adults in 2013-2014, up from 32 percent about a decade earlier. Among contributing factors is an increase in the intake of energy-dense diets leading to body weight gain (Little and Feinle-Bisset 2011, Prentice and Jebb 2003) . Obesity is considered to be a state of chronic inflammation (Cox et al. 2015) originating, at least partially, from the gastrointestinal (GI) tract . There is evidence that the GI microbiota contribute to the development of obesity (Montiel-Castro et al. 2013 ). Conventionalization of germ-free animals with microbiota from lean or obese donors results in recapitulation of the donor phenotype (Ridaura et al. 2013) . The mechanisms and pathways by which GI microbiota may affect regulation of feeding are not well understood. Interestingly, diet composition rather than adiposity affects the microbiota composition (de La Serre et al. 2010 , Hildebrandt et al. 2009 ).
Changes in satiation have been linked to diet composition. Protein induces supercaloric compensation; carbohydrate leads to approximate caloric compensation; and fat generates subcaloric compensation and hence promotes excess energy intake (Rolls 1995 (Rolls , 2009 ). At first, consumed fat changes meal patterns coherent with stimulation of a short-term satiety. This effect is reduced with long-term exposure to fat in the diet, independently of calorie intake or body weight. This alteration in short-term satiety leads to an increase in meal size and contributes to development of high fat diet-induced obesity (Paulino et al. 2008 ). Moreover, vagally-mediated effects (decreased response to cholecystokinin) reported in high fat diet-induced obesity are due to the diet composition because they appear before the increased body fat accumulation leading to obesity (Troy et al. 2016) .
Meal size is primarily regulated by gut-brain neural signaling. GI signals inform the brain about the quantity and quality of food being consumed to regulate satiety and food intake (Ritter 2004) . Information from GI-borne signals is relayed to the brain via vagal afferents (Dockray 2003) . The nucleus of the solitary tract (NTS), located in the caudal brainstem is the site at which the vagal afferents make their first central synapses; while GI-projecting motor neurons are located at the dorsal motor nucleus of the vagus (DMV) (Berthoud et al. 1991 , Peters et al. 2013 . Neurobiological insights into vagal gut-brain crosstalk have revealed that gut-brain signaling is critical for maintaining adequate adiposity and preventing obesity (Berthoud et al. 2011 , Ritter 2004 .
Vagal afferents can relay microbiota signals to the brain to alter host behavior. Bacteria-driven hippocampal activation and modulation of anxiety are notably abolished by vagotomy (Wang et al. 2002) . We have recently shown that a pro-inflammatory bacteria product, lipopolysaccharide (LPS), can activate vagal afferent neurons and impair satiety signaling (de La Serre et al. 2015) . Therefore, diet-shifted microbiota may alter vagal satiety signaling to the hindbrain feeding centers to increase energy intake and adiposity (de Lartigue et al. 2011) .
The goal of our study was to determine whether HFD-induced (High-fat-diet-induced) changes in gut microbiota composition can drive remodeling of the vagal pathway, to stimulate body fat accumulation.
METHODS
Male Sprague-Dawley rats (~460 g BW, Simonsen Laboratories, CA) were individually housed in a temperature-controlled vivarium with ad libitum access to food and water (12-hour light/dark schedule). Individual housing was necessary for food intake measurements and fecal pellet collection. Animal procedures were approved by the Washington State University Institutional Animal Care and Use Committee and conformed to National Institutes of Health guidelines for the use of vertebrate animals (publication 86-23). Appropriate measures were taken to minimize pain and discomfort of the animals.
Following a seven-days baseline (low energy-dense rodent diet; LFD; Teklad F6; 3.1 kcal/g; 19% fat), animals were assigned to their respective diet groups. LFD rats (n=16) were maintained on LFD for additional 7 (n=8) or 21 days (n=8). High fat diet (HFD) fed animals (n=16) were switched to a high energy-dense diet (Research Diets, D12492; 5.24 kcal/g; 60% fat) for 7 days (n=8) or 21 days (n=8). Beginning at dietary switch and continuing until sacrifice, LFD and HFD rats received daily injections of a broad-spectrum antibiotic, minocycline, (n=8/group; 20 mg/kg i.p.; Sigma-Aldrich) or sterile 0.9% NaCl (n=8/group; 0.5 ml). Body weight and food intake were monitored daily. Fecal pellets were collected before introducing the HFD and 7 and 21 days after dietary switch. Body composition was determined by Dual-Energy X-ray Absorptiometry (DEXA) at baseline and 7 and 21 day after dietary switch. After 21 days, rats were euthanized by CO 2 and blood samples were collected. Animals were then transcardially perfused with 0.1 M PBS (pH 7.4) followed by 4% paraformaldehyde and hindbrains were collected. Additionally, the nodose ganglia (NG) from a separate group of LFD rats (n=20) were isolated and co-cultured with different bacterial strains.
Microbiome analysis
Bacterial DNA was extracted from fecal samples using a kit following the recommendation of the manufacturer (Zymo research, CA). Fecal contents were lysed by bead beating and DNA was isolated using fast-spin columns. DNA was filtered to remove humic acids and polyphenols and the eluted DNA was sent to SeqMatic facility (Fremont, CA) for sequencing. A library was generated by targeting the 16S V4 region. Sequencing was performed via Illumina MiSeq and sequences aligned to reference genomes. Illumina BaseSpace software was used for data analysis. Diversity was determined using Shannon-Weiner index. Abundance at the Phylum, Class, Order, Family, Genus and Species levels were calculated and changes in composition from baseline were expressed as Log2 (n-folds change). Principal component analysis (PCA) at the order levels was run using XLSTAT (Addinsoft, NY).
To identify and isolate the cecal bacteria strains from HF rats, the samples were normalized by weight, and serially-diluted lysates were plated on three separate culture media (MHB, Mueller-Hinton Blood agar plate; MRS, deMan, Rogosa and Sharpe agar plate; LB, Luria-Bertani agar plate). Identification of microbial taxa was based on 16S sequencing of colony types that were enriched in the animals given a high fat diet. DNA was extracted from individual colony isolates and PCR of the 16S ribosomal RNA subunit was performed using the 27F primer: 5'-AGAGTTTGATCMTGGCTCAGAACG-3' and 1435R primer: 5'-CGATTACTAGCGATTCCRRCTTCA-3', where M=A or C and R=A or G. The primers used for sequencing included the 27F primer, 1435R primer, 533F primer: 5'-GTGCCAGCMGCCGCGGTAA-3', and 519R primer: 5'-GTATTACCGCGGCTGCTGG-3'. Sequences were trimmed and analyzed by BLAST for identification. The Genus and species classification of an individual isolate was based on 100% sequence identify of >1000 nucleotides.
Quantification of serum LPS
Serum LPS was measured as described previously (de La Serre et al. 2015) . LPS was quantified using a Pyrochrome Lysate Mix, a quantitative chromogenic reagent, (Associate of Cape Cod, MA) diluted in Glucashield buffer which inhibits cross-reactivity with (1→3)-β-D-Glucans. Briefly, serum samples were diluted 1:10 in Pyrogen free water (Lonza, Switzerland) and heated for 10 min at 70°C. Samples and reactive solution were incubated at 37°C for 30 min and absorbance was read at 405 nm.
Immunofluorescence
Hindbrains were cryosectioned at 20 μm thickness and stained for selected antigens. After blocking in 10% normal horse serum in Tris-phosphate buffered saline (TPBS, pH 7.4) sections were incubated overnight in a primary antibody against ionized calcium binding adaptor molecule 1 (Iba1, 1:1000; 019-19741, Dako, GA) followed by an Alexa-488 secondary antibody (1:400; A21206, Invitrogen, CA) to visualize microglia activation as previously described (Gallaher et al. 2012) . For visualization of vagal afferents, the hindbrain sections were incubated with isolectin B4 biotin-conjugated antibody (IB4, 1:400, cat# B-1205, Vector Laboratories, CA) for 12 h at room temperature (Shehab 2009 ), followed by ExtrAvidin-CY3 (1:600, E-4142, Sigma-Aldrich) for 2 h. Negative controls were performed by omission of primary antibodies. Sections were mounted in ProLong (Molecular Probes, OR) and examined under Nikon 80-I fluorescent microscope as previously described (Gallaher et al. 2012 , Peters et al. 2013 .
NG primary cultures
NG were isolated from LFD fed animals 3 hours after light onset under deep anesthesia (Ketamine, 25 mg/100 g; plus Xylazine, 2.5 mg/100 g). Once isolated, NG were digested in Ca 2+ /Mg 2+ free Hank's Balanced Salt Solution containing 1 mg/mL of Dispase II and Collagenase Type 1A (120 min at 37°C in 95% air/5% CO 2 ). Dispersed cells were plated onto polylysine-coated coverslips and maintained in DMEM+10% FBS (37°C in 95% air/5% CO 2 ). Cultures were infected with one of the following facultative anaerobic bacteria strains identified in HFD rats' cecal contents: Streptococcus mitis, Proteus mirablis, Lactobacillus animalis or Enterococcus faecalis (n=4 rats/strain) at a concentration of ~5×10 (7) . Culture medium without bacteria was added to control plates (n=4 rats). Thirty min later all cultures were fixed in paraformaldehyde and stained with beta III-tubulin antibody (1:500, ab 78078, Abcam, UK) to identify neuronal profiles. For neurons quantification, beta-III tubulin-stained neuronal perikarya were counted in 3 randomly assigned frames per culture (frame size 3×3 mm).
Statistics
GraphPad prism (GraphPad, CA) was used for statistical analysis. A two-way ANOVA with a Tukey post hoc test was used to analyze the data. Differences were considered significant if p<0.05.
RESULTS

Minocycline decreased energy intake and body fat accumulation induced by HFD
During the baseline we observed no statistically significant differences in energy intake, body fat and body weight between rats (Figs 1A-1C). Seven-day exposure to HFD was sufficient to significantly increase energy intake and body fat accumulation, but not the body weight. After 21 days on HFD rats significantly increased the energy intake, body fat accumulation and body weight (Figs 1A-1C). Minocycline reduced energy intake after one week of treatment and there was no effect of minocycline on body fat or body weight gain at day 7 (Figs 1A-1C). However, after 21 days on HFD minocycline-treated rats exhibited a significant decrease in energy intake, in body fat accumulation and in body weight gain (Figs 1A-1C). Body fat and body weight in rats fed a HFD and treated with minocycline were significantly lower than HF_Saline rats (8.1±1.6% vs. 15.5±2.2%; Fig 
Bacterial composition altered by HFD was improved by minocycline
Firmicutes and Bacteroidetes were the most abundant phyla and represented over 85% of the bacteria identified ( Fig. 2A) . In all groups, there was a significant reduction in Verrucomicrobia abundance at day 7 and day 21. Bacterial composition was changed after 7 days on HFD. HFD consumption led to a significant increase in In LFD animals, minocycline (Mino) did not affect the microbiota composition, at the phylum level; however, it significantly improved the microbiome profile of the HFD rats. After 7 days of minocycline, there was a reduction in Firmicutes abundance in the HF_Mino rats compared to the HF_Saline rats but it did not reach significance. There was a significant increase in Bacteriodetes abundance in the HF_Mino groups compared to the HF_Saline rats (HF_Saline 11.3±3.2% vs. HF_Mino 28.4±7.8%). After 21 days of minocycline, Firmicutes and Bacteriodetes abundance levels were normalized in the HFD rats. Firmicutes abundance in the HF_Mino rats (Day 21: 46.9±6.3%) was not different from the LF_Saline group and significantly lower than in the HF_Saline animals. Bacteroidetes abundance in the HF_Mino rats (Day 21:50.9±6.4%) was not different from the LF_Saline group and was significantly higher than in HF_Saline animals. Clostridiales (the main Firmicutes order) and Bacteroidales (the main bacteriodetes order) abundances were positively and negatively correlated with energy intake across diets and treatments (Fig. 2B) .
Principal component analysis (PCA) was run to identify the main contributors to variance (at the order level). Log2 fold changes from baseline were calculated to specifically identify bacterial orders that were enriched or depleted by HFD and/or minocycline ( Figs 2C, 2D) . Interestingly, for the majority of bacterial orders identified by PCA, the relative abundance was significantly positively or negatively correlated with energy intake and/or adiposity (Fig. 2B) .
Seven days on HFD led to a significant increase in the abundance of several orders belonging to the Firmicutes (Erysipelotrichales), Terenicutes (Entomoplasmatales, Mycoplasmatales), Proteobacteria (Rhodocyclales, Altermondales), Cyanobacteria (Nostocales, Chroococcales) and Verrucomicrobia (Puniceicoccales). The orders classified as Terenicutes all belong to the Mollicutes class which has previously been classified as Firmicutes. HFD consumption led to a significant depletion in Bacteriodetes, especially Sphingobacteriales and Bacteroidales (Fig. 2C) . Similar results were observed after 3 weeks on HFD, additional orders were found to significantly contribute to variance, such as Enterobacteriales and Methylophilales (Proteobacteria), which were enriched on HFD and Thermobaculales (Chloroflexi) was depleted by HFD (Fig. 2D) .
Minocycline had the opposite modulatory effects; 7 days of minocycline exposure were sufficient to significantly reduce the HFD-induced proliferation of bacterial orders mentioned above, leading to normalization of abundance or significant depletion (Nostocales, Chroococcales). PCA showed that after 7 days, LFD and HFD rats had different microbiota profile; minocycline treatment resulted in a third profile with more variabilities, based on the diet consumed (LFD vs. HFD; Fig. 3A) . After 7 days, the HF_Mino microbiota profile showed more similarities with the HF_Saline rats than the LF_Saline rats (Fig. 3A) . However, after 21 days, HF_Mino microbiota profile overlap with LF_Saline groups. While minocycline did affect abundance of some specific species it did not result in a different microbiota profile in LFD rats (Fig. 3B) .
HFD-related increases in plasma levels of LPS were suppressed by minocycline
HFD led to an increase in circulating LPS after 7 days when compared to LFD animals, and LPS levels were significantly elevated in HFD rats after 21 days on the diet (6.3 EU±1.2 vs. 3.3 EU±0.7; Fig. 3C ). Minocycline reduced circulating LPS in HFD rats. This effect was not significant after 7 days of treatment, however, after 21 days, minocycline significantly decreased LPS levels in HFD rats (6.3 EU±1.2 vs. 2.9 EU±0.4; Fig. 3C ). In LFD rats, minocycline did not result in changes of LPS levels at any time point (2.0 EU±0.4 vs. 1.5 EU±0.2 and 3.3 EU±0.7 vs. 2.2 EU±0.5 for 7 and 21 days; Fig. 3C ).
HFD-induced activation of microglia in the NTS and DMV was suppressed by minocycline
Immunostaining against Iba-1 revealed that HFD increased microglia activation in the NTS and the DMV. After 7 days on HFD microglia activation was observed only in the DMV (Figs 4A-4E ). The area fraction populated by fluorescent staining against Iba1 in the DMV was increased in HFD when compared to LFD rats (0.0292±0.0092 vs. 0.0096±0.0011). After 21 days on HFD microglia activation was observed in both the DMV and the NTS (Figs 4A, 4F-4I ). The area fraction populated by the fluorescent staining against Iba1 in the DMV and the NTS was increased in HFD rats when compared to LFD (0.0423±0.0083 vs. 0.0180±0.005 and 0.0512±0.0143 vs. 0.0206±0.0057 respectively).
Minocycline attenuated the HFD-induced increases in the microglia activation in both the DMV and the NTS. The area fraction populated by the fluorescent staining against Iba1 in the DMV was significantly smaller in HF_Mino rats when compared to HF_Saline rats (0.0179±0.0052 vs. 0.0292±0.0092 and 0.0083±0.0024 vs. 0.0423±0.0083 at 7 and 21 days respectively; Fig. 4A ). The area fraction populated by Iba1 staining in the NTS was significantly smaller in HF_Mino rats when compared to HF_Saline rats only at day 21 (0.0156±0.0039 vs. 0.0512±0.0143; Fig. 4A ). Minocycline did not significantly change the microglia activation in the DMV and the NTS in rats fed LF diet at any time point (Fig. 4A) . 
HFD-induced vagal remodeling in the NTS and DMV was suppressed by minocycline
Binary analysis of the area fraction of IB4-labeled vagal afferents in the intermediate NTS and DMV revealed significant differences in the density of labeled vagal terminals between rats fed different diets (Fig. 5) . After 7 days the HFD decreased total IB4 labeling in the NTS and the DMV when compared to LFD (0.0566±0.0089 vs. 0.2611±0.0232 for NTS and 0.0013±0.0003±0.0005 vs. 0.0031 for DMV; Figs 5A , 5B-5E). This effect was dampened by minocycline only in the NTS (Figs 5A-5E) but failed to reach significance. At day 21, we observed a significant increase in density of IB4-labeled vagal afferents projecting to the NTS and DMV in HFD rats when compared to LFD rats (1.0187±0.2895 vs. 0.2622±0.0411 for NTS and 0.0064±0.0021 vs. 0.0022±0.0008 for DMV; Figs 5A, 5F-5I). This effect was significantly decreased in both the NTS and DMV by minocycline (Figs 5A, 5F-5I). There were no significant differences between LF_Saline and LF_Mino rats at any time point.
Gram-negative bacteria isolated from HFD rats significantly reduced the number of NG neurons in culture
Co-culture of NG primary sensory neurons isolated from LFD rats with Streptococcus mitis, Lactobacillus animalis or Enterococcus faecalis (Firmicutes, Bacilli, Lactobacillales) isolated from the cecum of HFD rats did not change the number of surviving neurons when compared to NG cultures without the bacteria (238.5±20.5; 214.8±26.8; 243.5±56.6 vs. 205.3±61.5; Fig. 6 ). Adding Proteus mirablis (Proteobacteria, Gammaproteobacteria, Enterobacteriales) to NG cultures induced a dramatic loss of neurons when compared to NG cultures without the bacteria (29.3±4.2 vs. 205.3±61.5; Fig. 6 ).
DISCUSSION
This study provides evidence for dynamic diet-influenced and bacteria-driven neural plasticity in the NTS and DMV, the first relay stations for nutritionally relevant information from the GI tract (Rogers and McCann 1993) . We show that a HFD rapidly and significantly changed gut microbiota composition. HFD led to an increase in circulating pro-inflammatory LPS and was associated with neuronal damage to the NTS and DMV. This damage was reflected by induced activation of microglia and vagal remodeling in the NTS and DMV. Normalization of the microbiota composition in HFD rats using minocycline was protective against HFD-induced neuronal damage and increase in adiposity, showing that gut microbiota dysbiosis is necessary for HFD-driven deleterious effects on gut-brain signaling. Therefore, bacteria-driven brain plasticity in response to HFD may be responsible for increased energy intake, body fat accumulation, and body weight promoting obesity.
Results show that HFD induced an inflammatory response reflected by microglia activation in NTS and DMV. The pro-inflammatory action of the HFD has been also reported in the NG and hypothalamus (Waise et al. 2015 , Yi et al. 2012 . Taken together, these results suggest that a HFD weakens neuroprotective signaling and promotes inflammation in the brain feeding centers, which may lead to increased food intake and obesity.
We found that a HFD triggered reorganization of vagal afferents in the NTS and DMV. HFD induced transient withdrawal of vagal afferents from the hindbrain feeding centers following by an increase in the density of vagal afferents in NTS and DMV. The increase in the density may reflect a sprouting of vagal inputs into the hindbrain feeding centers. Interestingly, our previous studies revealed that damage to peripheral axons of the vagus (subdiaphragmatic vagotomy) also induced transient decrease in the density of vagal afferents projecting to the NTS (Ballsmider et al. 2015 , Peters et al. 2013 ) followed by vagal inputs sprouting. Vagal damage also resulted in microglia activation in the NTS and DMV (Gallaher et al. 2012) . We previously found that vagal afferent remodeling led to alterations in frequency and amplitude of glutamate release in the NTS (Peters et al. 2013) . Satiety peptide CCK triggers glutamate release in the NTS while hunger signal ghrelin inhibits glutamate inputs to the NTS. Therefore, HFD driven vagal remodeling may lead to alteration in satiety signaling and overeating.
Dietary fat-induced neuronal remodeling has previously been reported in the hypothalamus (Benani et al. 2012 ) and obesity has been found to have neurodegenerative effects in this nucleus (McNay et al. 2012 ). Microglia activation is involved in neuronal circuit remodeling (Kettenmann et al. 2013 ) and has been found to control HFD-induced hypothalamic inflammation and loss of neuronal function (Valdearcos et al. 2014 ). Interestingly, HFD-induced hypothalamic inflammation is significantly reduced by vagotomy (Lee et al. 2015 , Waise et al. 2015 suggesting that vagal afferents may transfer bacterial-derived inflammatory signals to the brain feeding centers to trigger microglia activation and neural remodeling.
Supporting this hypothesis, we found that microbiota normalization blunted the inflammatory effect of HFD on hindbrain, showing the dysbiosis is necessary for HFD-induced vagal remodeling. While our study did not establish whether gut microbiota dysbiosis is sufficient to promote vagal remodeling, colonization of germ free animals with dysbiotic microbiota has previously been found to induce hypothalamic inflammation (Duca et al. 2014) . Taken together, these data point towards a causal role for the microbiota in HFD-driven hindbrain inflammation and neural remodeling. This pathway is supported by previous studies showing that obesity-associated inflammation originates, at least partially, from bacterial endotoxin in the GI tract (de La Serre et al. 2010 , Lassenius et al. 2011 . LPS is a constituent of the gram-negative bacterial cell wall and circulating LPS levels have been found to be chronically increased in diet-induced obesity (Cani et al. 2007 , Moreira et al. 2014 . Interestingly, constant infusion of low doses of LPS results in weight gain (Cani et al. 2007 ). An increase in circulating LPS could be caused by overpopulation of gram-negative bacteria in the gut (Nguyen et al. 2004 ) and/ or an increase in GI permeability (de La Serre et al. 2010) .
We found that HFD led to rapid changes in microbiota composition with a bloom in several orders, belonging mostly to the Firmicutes and Proteobacteria phyla; notably Erysipelotrichales and Enterobacteriales. Both orders have previously been linked to obesity (de La Serre et al. 2010 ) and systemic inflammation (Dinh et al. 2015) . We also found positive correlations between the abundance of bacterial orders enriched by HFD and energy intake and adiposity. Conversely, orders that were depleted on HFD were negatively correlated with intake, body fat mass and body weight gain. Erysipelotrichales are gram-positive anaerobic bacteria while Enterobacteriales are gram-negative, potential LPS producer, and facultative anaerobic bacteria. HFD rats exhibited a significant increase in circulating LPS that was normalized by minocycline. LPS, is a potent inducer of inflammation and activator of microglia (Herrera et al. 2000) . Dietary-driven microglia activation in the retina is notably dependent on LPS receptor activation (Lee et al. 2015) . Interestingly, vagal sensitivity to GI originating signals is altered in LPS treated animals, identifying LPS as a potential trigger in HFD-induced neuronal inflammation and hindbrain remodeling (de La Serre et al. 2015) . Neurotoxic effects of bacteria and/or bacterial components were confirmed by culture experiments in our study. Streptococcus mitis, Lactobacillus animalis and Enterococcus faecalis belong to the Lactobacillales order (Firmicutes, Bacilli), are gram-positive bacteria, and there was no difference in Lactobacillales abundance with diet or minocycline treatment. Co-culture of NG neurons with these bacteria did not affect neuron growth. Conversely, co-culture with Proteus mirablis, a gram-negative Enterobacteriales that was enriched in the HFD rats, led to neuronal death. Proteus mirablis is an LPS producing bacteria and its abundance has previously been correlated to metabolic changes induced by HFD (Lecomte et al. 2015) . Culture experiments were limited to facultative anaerobic bacteria. We were unable to assess the potential neurotoxicity of anaerobic Erysipelotrichales because it is not possible to culture NG neurons without oxygen. Another limitation of the culture experiments was an isolation of the bacteria from cecum, rather than fecal samples. The rationale for this was the fact that facultative anaerobes represent 25% of total bacteria in the cecum versus only 1% in the fecal samples (Marteau et al. 2001) .
While evidence from this study points towards bacteria-driven damage to the hindbrain, we cannot rule out an additional effect of minocycline alone. The anti-inflammatory action of minocycline has notably been reported in the brainstem after damage to the vagus nerve (Gallaher et al. 2012 ) and minocycline may directly reduce HFD-driven inflammation and body fat accumulation. It has been previously reported that minocycline can suppress body weight gain (Sun et al. 2015) . It should be noted the above study minocycline was administered directly into the spinal cord at a dose of 10, 50 or 100 µg/kg. Direct anti-inflammatory effects of minocycline have been reported for doses ranging from 20 to 100 mg/kg (Amin et al. 2015 , Gallaher et al. 2012 , Kumar and Addepalli 2011 . Minocycline may alleviate inflammation via a decrease in bacteria-driven cytokine production. Minocycline has been shown to decrease expression of the LPS receptor, Toll-like receptor 4 (TLR4), in dorsal horn of spinal cord (Nazemi et al. 2015) . In our study, minocycline alone, at 20 mg/kg, was not sufficient to induce significant changes in hindbrain inflammation, intake or adiposity in the LFD rats. The absence of significant differences between LF_Saline and LF_Mino animals supports a microbiota-driven pathway. It should be noted that while non-significant, hindbrain inflammation and adiposity were lowered in the LF_Mino rats compared to the LF_Saline animals. However, microbiota analysis revealed that minocycline led to a reduction in obesity-associated bacterial orders, such as Erysipelotrichales and Enterobacteriales in LFD rats. Therefore, the potential effect of minocycline in LFD rats may be related to modulation in microbiota composition rather than a direct anti-inflammatory effect.
Antibiotics-driven modulation of gut microbiota has traditionally been conducted via oral delivery of broad spectrum antibiotics at doses ranging from 40 to 500 mg daily (Membrez et al. 2008 , Mikkelsen et al. 2015 , Vrieze et al. 2014 . These treatments led to acute and dramatic decreases in microbiota diversity and abundance, with Firmicutes and Bacteriodetes not being the most abundant phyla (Carvalho et al. 2012) . While effective in promoting weight loss, such treatment did not result in normalization of the HFD-associated microbiota, hence in this study we chose to use a lower dose and a different rout of administration to avoid "wiping out" the gut microbiota. Minocycline has been reported to have potential weight-loss effect (Sun et al. 2015) which may be related to its targeting specific obesity-associated bacterial strains. Minocycline and HFD had opposite modulatory effects on several orders abundance, including Erysipelotrichales and Enterobacteriales and HFD/minocycline rats exhibited normalized microbiota composition, with microbiome profile comparable to the LFD rats.
Our data support a diet-associated and bacteria-driven gut to brain pathway promoting hindbrain inflammation; however, descending brain to gut communication may also modulate the gut microbiota. Vagal efferent neurons located in the DMV send motor information from the brain to the GI tract (de Lartigue et al. 2014) . In HFD-rats, we have found that minocycline increased microglia activation in the DMV and vagal remodeling. Vagal efferent fibers modulate gut motility (Chang et al. 2003) , and motility has been demonstrated to modify microbiota composition (Kashyap et al. 2013 ); therefore, we cannot rule out a possible indirect effect of minocycline on microbiota composition in HFD rats via changes in vagal efferent output.
CONCLUSIONS
Taken together, the results show that HFD induces changes in the diversity of the intestinal microbiota, and alters the gut-brain communication resulting in inflammation of the hindbrain feeding centers associated with overeating, overweight and increased in body fat accumulation. Normalization of microbiota composition via minocycline blunted the effects of HFD on hindbrain inflammation, energy intake and adiposity, which let us to conclude that a HFD triggered shift in gut microbiome may disrupt vagal gut-brain communication resulting in microglia activation and increased body fat accumulation leading to obesity.
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